The k-opioid receptor (KOR) has been implicated in depression, addictions, and other central nervous system disorders and, thus, is an important target for drug development. We previously developed several 11 C-labeled PET radiotracers for KOR imaging in humans. Here we report the synthesis and evaluation of 18 F-LY2459989 as the first 18 F-labeled KOR antagonist radiotracer in nonhuman primates and its comparison with 11 C-LY2459989. Methods: The novel radioligand 18 F-LY2459989 was synthesized by 18 F displacement of a nitro group or an iodonium ylide. PET scans in rhesus monkeys were obtained on a small-animal scanner to assess the pharmacokinetic and in vivo binding properties of the ligand. Metabolite-corrected arterial activity curves were measured and used as input functions in the analysis of brain time-activity curves and the calculation of binding parameters. Results: With the iodonium ylide precursor, 18 F-LY2459989 was prepared at high radiochemical yield (36% 6 7% [mean 6 SD]), radiochemical purity (.99%), and mean molar activity (1,175 GBq/mmol; n 5 6). In monkeys, 18 F-LY2459989 was metabolized at a moderate rate, with a parent fraction of approximately 35% at 30 min after injection. Fast and reversible kinetics were observed, with a regional peak uptake time of less than 20 min. Pretreatment with the selective KOR antagonist LY2456302 (0.1 mg/kg) decreased the activity level in regions with high levels of binding to that in the cerebellum, thus demonstrating the binding specificity and selectivity of 18 F-LY2459989 in vivo. Regional time-activity curves were well fitted by the multilinear analysis 1 kinetic model to derive reliable estimates of regional distribution volumes. With the cerebellum as the reference region, regional binding potentials were calculated and ranked as follows: cingulate cortex . insula . caudate/ putamen . frontal cortex . temporal cortex . thalamus, consistent with the reported KOR distribution in the monkey brain. Conclusion: The evaluation of 18 F-LY2459989 in nonhuman primates demonstrated many attractive imaging properties: fast tissue kinetics, specific and selective binding to the KOR, and high specific binding signals. A sideby-side comparison of 18 F-LY2459989 and 11 C-LY2459989 indicated similar kinetic and binding profiles for the 2 radiotracers. Taken together, the results indicated that 18 F-LY2459989 appears to be an excellent PET radiotracer for the imaging and quantification of the KOR in vivo.
Thekopioid receptor (KOR) is a subtype of opioid receptors (1) , which are important drug targets in modern medicine (2) . Early studies of the KOR focused mainly on its role in analgesia, as KOR agonists have been shown to induce significant analgesic effects without the side effects caused by m-opioid receptor ligands (such as morphine and its analogs), especially drug dependence and, thus, the potential for abuse (3) . However, KOR agonists have other dose-limiting side effects, such as hallucination, sedation, and dysphoria (4, 5) . More recent research found that the KOR is involved in the regulation of mood and reward systems (6, 7) , suggesting the potential use of KOR antagonists as effective therapeutics for the treatment of substance abuse, depression, and anxiety (8, 9) . A few KOR antagonists, including JDTic (10) and LY2456302 (currently named CERC-501), have entered clinical trials as antidepressants ( Fig. 1) (11) . Furthermore, there is evidence of KOR involvement in cognitive function and cancers (12) (13) (14) (15) . Hence, the development of in vivo imaging agents will help in the investigation and understanding of the KOR in diseases and the evaluation of KOR-targeted drug candidates.
PET is a powerful, noninvasive imaging technique for the investigation of physiologic and biochemical processes in the living body (16) . In the past several years, we developed several KOR agonists and antagonists ( Fig. 1 ) as suitable PET radiotracers (17) (18) (19) (20) and tested them in nonhuman primates and in humans (21) (22) (23) .
In binding assays in vitro, LY2459989, a fluorine-containing analog of LY2795050 with the same core structure as LY2456302, displayed a 4-fold-higher affinity (K i , 0.18 nM) than LY2795050 and improved selectivity for the KOR over the m-opioid receptor and the d-opioid receptor (20) . In PET imaging experiments in vivo, 11 C-LY2459989 was found to have specific binding signals more than 2-fold higher than those of 11 C-LY2795050 in the monkey brain. Furthermore, the replacement of chlorine in LY2795050 with fluorine in LY2459989 leads to the possibility of 18 F radiolabeling. We first attempted 18 F radiolabeling of LY2459989 using the corresponding nitro precursor ( Fig. 2 ) and later adapted iodonium ylide chemistry (24) for the successful radiosynthesis of 18 F-LY2459989 at high radiochemical yield and molar activity (25) . In this article, we report the in vivo evaluation of this first 18 F-labeled KOR antagonist PET radiotracer in nonhuman primates and its comparison with 11 C-LY2459989.
MATERIALS AND METHODS

Radiochemistry
The synthesis of the nitro and iodonium ylide precursors, the synthesis of the reference standard LY2458889, and detailed procedures for the radiosynthesis of 18 F-LY2459989 were reported previously (25) . The final product was formulated in 1 mL of ethanol, 10 mL of saline, and 40 mL of 4.2% sodium bicarbonate solution, and the solution was filtered through a 0.22-mm membrane filter for terminal sterilization.
PET Imaging Experiments in Rhesus Monkeys
PET Scan Procedures. PET imaging experiments were performed in rhesus monkeys (Macaca mulatta) according to a protocol approved by the Yale University Institutional Animal Care and Use Committee. Three monkeys were used in a total of 5 scans with 18 F-LY2459989, including 4 baseline scans and 1 blocking scan with the KOR antagonist LY2456302 at a dose of 0.1 mg/kg. 18 F-LY2459989 prepared from the nitro precursor was used in 2 baseline scans, and 18 F-LY2459989 made from the iodonium ylide precursor was used in 3 scans, including the blocking scan. Two scans with 11 C-LY2459989 were also conducted in 2 of the 3 monkeys for comparison with 18 F-LY2459989.
In preparation for each scan, the monkey fasted overnight and was immobilized with ketamine (10 mg/kg, intramuscularly) at least 2 h before the PET scan. A venous line was inserted for administration of the radiotracer and the blocking drug on 1 limb. A catheter was placed in the femoral artery on the other limb for blood sampling.
Endotracheal intubation was performed to allow the administration of isoflurane (1.5%-2.5% in oxygen). A water-jacket heating pad was used to maintain body temperature. The animal was attached to a physiologic monitor, and vital signs (heart rate, blood pressure, respirations, SpO 2 , electrocardiogram, end-tidal CO 2 , and body temperature) were continuously monitored.
Dynamic PET scans were performed on a Focus 220 scanner (Siemens Medical Solutions). Before radiotracer injection, a 9-min transmission scan was obtained for attenuation correction. The radiotracer was administered by an infusion pump over 3 min. Emission data were collected in list mode for 120 min and reformatted into 33 successive frames of increasing durations (6 · 10 s, 3 · 1 min, 2 · 2 min, and 22 · 5 min). Plasma Metabolite Analysis and Input Function Measurement. Arterial blood samples were collected at preselected time points and assayed for radioactivity in the whole blood and plasma with crosscalibrated well-type g-counters (Wizard 1480/2480; Perkin-Elmer). Six samples drawn at 5, 15, 30, 60, and 90 min were processed and analyzed to measure the radioligand metabolite profile by high-performance liquid chromatography (HPLC) using the column-switching method (26) . Whole-blood samples in ethylenediaminetetraacetic acid tubes were centrifuged at 2,930g and 4°C for 5 min to separate the plasma. Supernatant plasma was collected, and the activity in 0.2-mL aliquots was counted with a g-counter. Plasma samples were then mixed with urea (8 M) to denature plasma proteins, filtered through a 1.0-mm Whatman 13-mm CD/X syringe filter, and loaded onto an automatic columnswitching HPLC system. The system contained a capture column (4.6 · 19 mm) self-packed with Phenomenex Strata-X polymeric solid-phase extraction sorbent. Elution was done with 1% acetonitrile in water at 2 mL/min for 4 min. The trapped activity in the capture column was then back flushed and eluted through a Phenomenex Luna C18(2) column (4.6 · 250 mm; 5 mm) with 40% acetonitrile in 0.1 M ammonium formate (pH 6.4; v/v) at a flow rate of 1.65 mL/min. The eluent fractions were collected with an automated fraction collector (Spectrum Chromatography CF-1). Activity in the whole blood, plasma, filtered plasma-urea mixture, filter, and HPLC eluent fractions was counted with automatic g-counters. The sample recovery rate, extraction efficiency, and HPLC fraction recovery were monitored. The nonmetabolized parent fraction was determined as the ratio of the sum of radioactivity in fractions containing the parent compound to the total amount of radioactivity collected and fitted with an inverted g-function and corrected for filtration efficiency. The arterial plasma input function was then calculated as the product of the total counts in the plasma and the interpolated parent fraction at each time point. Measurement of Radiotracer Free Fraction in Plasma. An ultrafiltration method was used for measuring the unbound portion (free fraction) of 18 F-LY2459989 in plasma. Radioactivity (;1.85 MBq) in approximately 0.1 mL of solution was mixed with 3.5 mL of an arterial blood sample taken immediately before radiotracer injection. After 10 min of incubation at room temperature, the sample was centrifuged at 2,930g for 5 min to partition the plasma from blood cells. The plasma sample was then loaded onto the reservoir of an ultrafiltration cartridge (Millipore Centrifree) and centrifuged at 1,228g for 20 min. The filtrate was collected and weighed, and counts were determined. The free fraction in plasma was determined as the ratio of the radioactivity concentration in the filtrate to the total activity in the plasma. Measurements of the free fraction in plasma were performed in triplicate for each scan.
Measurement of Lipophilicity. Lipophilicity (log P) was determined by a method modified from previously described procedures (27) . Log P was calculated as the ratio of decay-corrected radioactivity concentrations in 1-octanol and in phosphate-buffered saline (pH 7.4; Dulbecco). Six consecutive equilibration procedures were performed until a constant value of log P was obtained.
Imaging Analysis and Kinetic Modeling. A representative highresolution MR image was acquired with a Siemens 3-T Trio scanner to assist with image coregistration and anatomic localization of regions of interest (ROIs).
PET emission data were attenuation-corrected using the transmission scan, and dynamic images (33 frames over 120 min) were reconstructed using a filtered backprojection algorithm with a Shepp-Logan filter (28) . Summed PET images were registered to MR images, and the following ROIs were defined: amygdala, brain stem, caudate, cerebellum, cingulate cortex, frontal cortex, globus pallidus, hippocampus, insula, nucleus accumbens, occipital cortex, pons, putamen, substantia nigra, temporal cortex, and thalamus. For each PET scan, radiotracer concentrations over time were measured and regional time-activity curves were generated for the ROIs.
Regional time-activity curves were fitted and analyzed with 1-tissue compartment (1TC) and 2-tissue compartment (2TC) models (29) as well as the multilinear analysis 1 (MA1) method (30). The regional distribution volume (V T ; mLÁcm 23 ) was calculated from a kinetic analysis of regional time-activity curves using the metabolite-corrected arterial plasma concentration as the input function (31) . In the 1TC model, kinetic parameters K 1 (mLÁmin 21 Ácm 23 ) and k 2 (min 21 ) are the rate constants of ligand transfer into and out of the brain, respectively, and the V T values were calculated as K 1 /k 2 . In the 2TC model, parameters K 1 and k 2 are the constants governing the transfer of the ligand into and out of the nondisplaceable compartment, parameters k 3 (min 21 ) and k 4 (min 21 ) describe the respective rates of association with and dissociation from the receptors, and the V T values were derived as (K 1 /k 2 )(1 1 k 3 /k 4 ). The MA1 method, which is considered to be a more stable analysis method, uses only part of the data (T . t*), and the selection of starting point t* is from 10 to 60 min (10-min interval). The V T values were calculated from the ratio of the 2 regression coefficients, 2b/b 2 . The Akaike information criterion (AIC) (32) and the Logan plot (33) were used to evaluate the goodness of fit using the MA1 method and the 1TC and 2TC models.
The nondisplaceable binding potential (BP ND ), a measure of the specific binding signal, was calculated from regional V T values using the cerebellum as the reference region, that is, BP ND 5 (V T of ROI -V T of cerebellum)/V T of cerebellum. Additionally, the simplified reference tissue model (SRTM) was also tested for calculating the BP ND to evaluate the possible generation of binding parameters without arterial blood samples (34) .
The KOR occupancy by the blocking drug was obtained from an occupancy plot using the regional V T from the baseline scan and the difference in V T values between the baseline scan and the blocking scan according to the method of Cunningham et al. (35) , in which the nondisplaceable volume of distribution and occupancy were assumed to be the same for all regions.
RESULTS
Radiochemistry
With the iodonium ylide precursor, 18 F-LY2459989 was prepared at 36% 6 7% radiochemical yield (non-decay-corrected), greater than 99% radiochemical purity, and mean molar activity of 1,175 GBq/mmol at the end of synthesis (n 5 6). Total synthesis time, including purification and formulation, was 88 min.
With the nitro precursor, the average radiochemical yield of 18 F-LY2459989 was less than 1%, and the mean molar activity at the end of synthesis was 62 GBq/mmol (n 5 3).
PET Imaging Experiments in Rhesus Monkeys
Injection Parameters. A total of 5 PET scans were performed in 3 monkeys. The injected activity was 157.4 6 51.8 MBq, with an injected mass of 0.43 6 0.74 mg.
Plasma Analysis. The results of the plasma analysis are shown in Figure 3 . The rate of metabolism of 18 F-LY2459989 was moderate, with an intact parent tracer fraction of 35% 6 13% at 30 min after radiotracer injection; this value further decreased to 20% 6 7% and 13% 6 4%, respectively, at 60 and 90 min (n 5 5) (Fig. 3A) . After a bolus injection of 18 F-LY2459989, the parent radioactivity level in plasma displayed a quick increase to peak, a sharp decline phase, and then a slow decrease from 10 min onward (Fig. 3B ). On the reverse-phase HPLC chromatograms, the 2 metabolites of 18 F-LY2459989 appeared to be more polar, with shorter retention times than the parent (Fig. 3C ). The measured log P value of 18 F-LY2459989 was 3.44 (n 5 1), similar to that measured for 11 C-LY2459989 (3.04 6 0.37; n 5 10). The free fraction of the radioligand in plasma was 4.2% 6 0.2% (n 5 5), also similar to that measured for 11 C-LY2459989 (4.5% 6 0.6%; n 5 21) (20) . Brain Analysis. The PET images and regional time-activity curves of 18 F-LY2459989 from both baseline and blocking scans of rhesus monkeys are shown in Figure 4 . In the monkey brain, 18 F-LY2459989 exhibited good uptake and a heterogeneous distribution in different regions (Fig. 4A, middle) . The highest concentrations of the radiotracer were observed in the globus pallidus and cingulate cortex, whereas the lowest uptake was seen in the cerebellum. Blocking with the KOR-specific antagonist LY2456302 at a dose of 0.1 mg/kg reduced the brain uptake to an almost homogeneous pattern across all regions (Fig. 4A, right) . From the PET images, it appeared that the activity level in the skull was low and similar to that of the background, indicating no deposition of 18 F-fluoride in bone structures and, thus, the lack of defluorination for the radiotracer in monkeys.
The tissue kinetics of 18 F-LY2459989 were rapid. Regional concentrations of the radiotracer reached a peak within 20 min after injection and were followed by a moderate rate of clearance over time (Fig. 4B) . After entering the monkey brain, the radiotracer localized to KOR-rich regions, such as the cortex and striatum ( Fig. 4B) . Pretreatment of the animal with LY2456302 at 0.1 mg/kg brought the uptake level in regions with high levels of binding to that in the region of the cerebellum with the lowest level of binding, demonstrating the blockade of 18 F-LY2459989specific binding in the monkey brain (Fig. 4C) .
Regional time-activity curves were processed with the 1TC and 2TC models and the MA1 method to generate the binding parameters using the metabolite-corrected plasma activity as an input function. The 2TC model showed apparently better fits to the data than the 1TC model (AIC [2TC] , AIC [1TC]); therefore, the 2TC model was considered to be a more suitable model for analyzing the imaging data. V T values estimated with the MA1 method correlated well with those obtained from the 2TC model (V T(MA1) = 0.98V T (2TC) 1 0.16). Listed in Table 1 are regional V T values derived from the MA1 analysis (t*, 30 min).
Regional BP ND values were calculated from MA1 V T values using the cerebellum as the reference region and are shown in Table 2 , along with those calculated from the SRTM, which showed an excellent correlation with MA1 BP ND values (BP ND (SRTM) = 0.97 BP ND (MA1) 1 0.03). The rank order of BP ND values in various regions was as follows: globus pallidus . cingulate cortex . insula . caudate . putamen . frontal cortex . temporal cortex . thalamus . cerebellum, consistent with the reported KOR distribution in the monkey brain (36, 37) .
In the blocking study, pretreatment with LY2456302 at a dose of 0.1 mg/kg before radiotracer injection significantly reduced regional BP ND values to negligible levels across the monkey brain ( Table 2) . Receptor occupancy calculated from the occupancy plot was 93%, and the nondisplaceable distribution volume was 3.06 mLÁcm 23 .
Comparison of 18 F-LY2459989 and 11 C-LY2459989. Two pairs of PET scans with both 18 F-LY2459989 and 11 C-LY2459989 were obtained for the same monkeys to compare the kinetic behaviors of these 2 radiotracers. Representative PET images and regional time-activity curves (Fig. 5 ) demonstrated similar regional distributions and kinetics. The binding parameters for these 2 radiotracers were also very similar (Table 3) . DISCUSSION We previously reported 11 C-LY2459989 as an improved KOR antagonist radiotracer with high specific binding signals in nonhuman primates (20) . Recently, we published the results of a Data are reported as mean or as mean ± SD.
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detailed study to optimize conditions for the radiosynthesis of 18 F-LY2459989, which is not readily accessible via conventional radiochemical approaches (25) . In this article, we describe the comprehensive in vivo evaluation of this first 18 F-labeled KOR antagonist PET radiotracer in rhesus monkeys and its comparison with 11 C-LY2459989. The novel radiotracer 18 F-LY2459989 was synthesized by nucleophilic radiofluorination of the nitro precursor with 18 F-fluoride and Kryptofix 222 (Sigma-Aldrich)-K 2 CO 3 in N,N-dimethyl sulfoxide at 200°C and the iodonium ylide precursor with 18 F-fluoride and tetraethylammonium bicarbonate in N,N-dimethylformamide at 80°C. The radiosynthesis can be performed either manually or in a microfluidic reactor (NanoTek). On average, synthesis with the iodonium ylide precursor provides the final product, 18 F-LY2459989, at high radiochemical yield and purity, as well as molar activity at the end of synthesis that is much higher than that of 11 C-LY2459989 (means of 26 GBq/mmol for 11 C-LY2459989 vs. 1,175 GBq/mmol for 18 F-LY2459989).
In rhesus monkeys, 18 F-LY2459989 was metabolized at a moderate rate, with a parent fraction of 35% 6 13% at 30 min after injection (Fig. 3A) . Two major radioactive metabolites that were detected in the blood appeared to be much more polar than the parent radiotracer ( Fig. 3C ) and, thus, were unlikely to enter the brain and complicate the quantitative analysis of PET imaging data. 18 F-LY2459989 had a measured log P of 3.44, which value fits in the range for PET radioligands that are predicted to have good permeability through the blood-brain barrier (38) . Indeed, 18 F-LY2459989 readily entered the monkey brain and accumulated in regions known to have high KOR densities, such as the cortex and striatum (Figs. 4A and 4B). Regional time-activity curves demonstrated fast and reversible brain uptake kinetics. The highest tissue uptake levels were found in the globus pallidus and cingulate cortex, with SUVs of between 1.8 and 4.5, depending on the animals. Peak uptake was reached within 20 min after injection in all brain regions, indicating fast tissue kinetics for the radiotracer. In the blocking study, pretreatment of the monkey with the KOR-specific antagonist LY2456302 at a dose of 0.1 mg/kg reduced the uptake of 18 F-LY2459989 across all ROIs to levels similar to that in the cerebellum, thus demonstrating the binding specificity of the radiotracer in vivo.
In a comparison of kinetic models for PET data analysis, the 2TC model provided a better fit to regional time-activity curves than the 1TC model. Therefore, the 2TC model was considered to be an appropriate model for the estimation of binding parameters. A Data are reported as mean or as mean ± SD. further comparison of the 2TC model and the MA1 method revealed that the latter produced reliable regional V T estimates that correlated well with those from the 2TC model, a finding that is consistent with the results of a previous kinetic modeling analysis of PET imaging data for other KOR radiotracers in nonhuman primates (19, 20) . Previous studies with KOR radiotracers also indicated that the cerebellum can be used as a reference region to calculate the BP ND in nonhuman primates. The same appeared to be true for 18 F-LY2459989, as regional BP ND values estimated by the SRTM using the cerebellum as a reference region exhibited excellent correlations with those calculated from MA1-derived V T values.
Given the equivalent chemical structures of 18 F-LY2459989 and 11 C-LY2459989, they behaved comparably in the same monkeys in terms of the metabolism rate (36% 6 7% vs. 30% 6 3% at 30 min after injection; n 5 2), the free fraction (4.2% 6 0.2% vs. 4.0% 6 0.1%; n 5 2), uptake kinetics, the regional distribution (Fig. 5) , and specific binding signals, as measured by the BP ND (Table 3 ). Both 18 F-LY2459989 and 11 C-LY2459989 provided BP ND values of greater than 0.5 in most brain regions, levels of specific binding signals that can be reliably and accurately estimated by a quantitative kinetic modeling analysis. Such a characteristic is important for a suitable and effective neuroimaging radiotracer (39) . CONCLUSION We successfully prepared the first 18 F-labeled KOR antagonist radiotracer, 18 F-LY2459989, and performed a detailed evaluation in nonhuman primates. This novel radiotracer exhibited favorable pharmacokinetic and in vivo binding characteristics, including an appropriate rate of metabolism, a reliably measurable free fraction in plasma, high brain uptake, fast and reversible tissue kinetics, and specific and selective binding to the KOR. A side-by-side comparison of 18 F-LY2459989 and 11 C-LY2459989 indicated similar kinetic and binding profiles for the 2 radiotracers. Overall, 18 F-LY2459989 afforded certain advantages over its 11 C-labeled counterpart, such as a longer half-life, resulting in better counting statistics at later time points of the PET scan, and more importantly, the feasibility of central production and distribution to off-site locations for use in multicenter clinical trials. 
